Edited by Solomon H. Snyder, The Johns Hopkins University School of Medicine, Baltimore, MD, and approved March 7, 2018 (received for review November 29, 2017) The transmembrane docking of endoplasmic reticulum (ER) Ca 2+ -sensing STIM proteins with plasma membrane (PM) Orai Ca 2+ channels is a critical but poorly understood step in Ca 2+ signal generation. STIM1 protein dimers unfold to expose a discrete STIM-Orai activating region (SOAR1) that tethers and activates Orai1 channels within discrete ER-PM junctions. We reveal that each monomer within the SOAR dimer interacts independently with single Orai1 subunits to mediate cross-linking between Orai1 channels. Superresolution imaging and mobility measured by fluorescence recovery after photobleaching reveal that SOAR dimer cross-linking leads to substantial Orai1 channel clustering, resulting in increased efficacy and cooperativity of Orai1 channel function. A concatenated SOAR1 heterodimer containing one monomer point mutated at its critical Orai1 binding residue (F394H), although fully activating Orai channels, is completely defective in cross-linking Orai1 channels. Importantly, the naturally occurring STIM2 variant, STIM2.1, has an eight-amino acid insert in its SOAR unit that renders it functionally identical to the F394H mutant in SOAR1. Contrary to earlier predictions, the SOAR1-SOAR2.1 heterodimer fully activates Orai1 channels but prevents cross-linking and clustering of channels. Interestingly, combined expression of full-length STIM1 with STIM2.1 in a 5:1 ratio causes suppression of sustained agonist-induced Ca 2+ oscillations and protects cells from Ca 2+ overload, resulting from high agonist-induced Ca 2+ release. Thus, STIM2.1 exerts a powerful regulatory effect on signal generation likely through preventing Orai1 channel crosslinking. Overall, STIM-mediated cross-linking of Orai1 channels is a hitherto unrecognized functional paradigm that likely provides an organizational microenvironment within ER-PM junctions with important functional impact on Ca 2+ (1) (2) (3) (4) (5) (6) (7) . In response to depletion of Ca 2+ stored in the ER, the cytoplasmic STIM1 C-terminal domain unfolds and attaches to the PM, causing STIM1 to be trapped within ER-PM junctions (1-7). The unfolding process exposes a small, highly conserved STIMOrai activating region (SOAR1) within STIM1 which is able to tether and activate the Orai family of PM Ca 2+ entry channels within the ER-PM junctions (8) (9) (10) . The "store-operated" Ca 2+ entry (SOCE) through Orai1 channels is crucial in sustaining Ca 2+ oscillations and mediating local Ca 2+ signals that control gene expression (1, 3-5, 11, 12) . Although the interaction between STIM and Orai proteins is clearly observable, much is still not understood about their association and organization within junctions and how these interactions mediate the generation of Ca 2+ signals (3) (4) (5) (6) (7) 13) . The STIM1 protein exists as a dimer within the ER membrane (10, 14) and appears to remain dimeric during store depletioninduced activation and interaction with Orai1 (1, 3) . The tightly folded SOAR1 unit within STIM1 is an important locus for its dimerization (10, (14) (15) (16) . The SOAR1 dimer likely remains intact during the store depletion-induced unfolding of STIM1 and the subsequent association of SOAR1 with the Orai1 channel (15, 17, 18) . It had been suggested that Orai1 channel activation occurs following a "bimolecular" interaction of the SOAR1 dimer in STIM1 with a pair of adjacent Orai1 subunits within the hexameric Orai1 channel (19) (20) (21) (22) . We recently revealed that the exposed F394 residue in SOAR1 plays a pivotal role in both binding to and gating of the Orai1 channel (23) . F394 mutated to histidine, completely blocks the Orai1 interaction yet does not affect full-length STIM1 activation or entry into ER-PM junctions. Unexpectedly, we determined that mutation of just one of the two F394 residues in the concatenated SOAR1 dimer still resulted in full Orai1 channel activation (17) . This indicates that each monomer in the SOAR dimer can independently undergo a "unimolecular" interaction with a single Orai1 subunit, and this interaction is sufficient to gate the Orai1 channel (17, 24) . This model is quite different from the bimolecular interaction with Orai1 subunits envisaged earlier and also explains why Orai1 channel activation can occur with a STIM1: Orai1 ratio of 2:1 (25, 26) . Since unimolecular coupling requires only one active site on the SOAR1 dimer to activate the Orai1 channel, we suggested that the other site would be available to undergo interaction with a subunit on another channel (17) .
Here we reveal strong evidence that the SOAR1 dimer from STIM1 can indeed mediate cross-linking between Orai1 channels. We provide high-resolution imaging, biophysical, and functional evidence for SOAR-induced cross-linking of Orai1 channels. We observe that the single F394H mutation in the Orai1 binding site completely prevents this cross-linking. We also investigate an
Significance
The work presents a unique understanding of the organization and function of two ubiquitously expressed proteins, central in generating calcium signals in all cell types. These are the intracellular calcium sensing "STIM" proteins, and the highly selective cell surface "Orai" calcium channels. We reveal that STIM proteins can cross-link Orai channels, resulting in a reorganized microenvironment within the membrane junctions in which they function, with important consequences in the generation of oscillatory calcium signals. Interestingly, we show a variant STIM protein widely expressed in cells functions to prevent the STIM-Orai cross-linking and clustering of channels. This provides important modulation of calcium signal generation and can serve to protect cells from overstimulation of the calcium signaling machinery.
interesting and widely expressed splice variant of STIM2 (STIM2.1 or STIM2β) (27, 28) which is shown to be defective in Orai1 binding by virtue of an eight-amino acid insert within the SOAR sequence, close to the Orai1-interacting site. Using concatenated SOAR constructs, we reveal that the naturally occurring STIM2.1 variant is functionally equivalent to the F394H STIM1 mutant. In contrast to predictions that STIM2.1 dominantly suppresses STIM1 (28), we observe that SOAR heterodimers containing SOAR units from both STIM1 and STIM2.1 are able to fully activate Orai1 channels. However, such SOAR heterodimers are defective in cross-linking Orai1 channels, indicating that STIM2.1 functions to prevent STIM1-mediated Orai1 crosslinking. Interestingly, the combined expression of full-length STIM1 with STIM2.1 results in suppression of agonist-induced Ca 2+ oscillations, likely as a result of diminished Orai1 channel cross-linking. We suggest that although activated STIM proteins localize within discrete ER-PM junctional domains, the STIMmediated cross-linking of Orai channels within these domains provides an organizational microenvironment that has important functional impact on the generation of Ca 2+ signals.
Results and Discussion SOAR Dimers Are Able to Cross-Link and Cluster Orai1 Channels. Orai channels exist and function as hexamers (29) (30) (31) (32) that freely diffuse in the PM before undergoing a reversible interaction with STIM1 in ER-PM junctions (33) . From our recent studies revealing a unimolecular interaction of SOAR dimers with Orai1 channel subunits, we predicted that wild-type SOAR1 dimers (YFP-S-S in Fig. 1A ) might cross-link Orai1 channels by interacting with channel subunits in separate Orai1 hexamers (17) . Although SOAR heterodimers containing a single F394H mutation could still undergo unimolecular binding and activation of Orai1 channels (17), we expected that they would not cross-link between channels. However, we observed no difference in the distribution of wild-type YFP-SOAR1 homodimers compared with YFP-SOAR1 heterodimers with a single F394H mutation (YFP-S H -S or YFP-S-S H in when expressed with Orai1-CFP (17) . We recently reported that STIM1 binding to the cytosolic Orai1 C-terminal domain is sufficient to mediate opening of the channel (24) . However, addition of large fluorescent tags to the C terminus of Orai1 does not alter the function of Orai1 or its activation by STIM1 (31, 34, 35) . Although the Orai1 C-terminal CFP tag does not prevent STIM1 binding per se, we considered that this bulky addition to each Orai1 subunit might sterically prevent the STIM1-mediated cross-linking of Orai1 channels (SI Appendix, Fig. S1A ). We therefore compared distribution of SOAR dimers in HEK cells stably expressing Orai1 channels C-terminally tagged with the small 5-amino acid His tag as opposed to the large 275-amino acid CFP tag. As shown in Fig. 1B , the YFP-S-S homodimer expressed in HEK Orai1-CFP cells, was distributed entirely evenly across the PM. In contrast, YFP-S-S expressed in HEK Orai-His cells was profoundly punctal in appearance, with an obvious clustered distribution (Fig. 1C, Top) . However, YFP-S H -S or YFP-S-S H expressed in the same HEK Orai1-His cells, had a smooth, even distribution across the PM (Fig. 1C, second and third rows) . As expected, the YFP-S H -S H F394H homodimer was not associated with the membrane (Fig. 1C, Bottom) , thus the interaction of SOAR dimer constructs with the PM was entirely dependent on Orai1 channels. Models depicting YFP-S-S-mediated Orai1-His cross-linking and the lack of cross-linking by YFP-S H -S, are shown in SI Appendix, Fig. S1 B and C, respectively.
Although these live-cell epifluorescence images revealed that the His-tagged Orai1 construct permitted a profoundly distinct punctal distribution of the YFP-S-S homodimer, we sought to obtain superresolution images using stimulated emission depletion (STED) microscopy. As shown in Fig. 1D , Top, the appearance of the YFP-S-S homodimer on the PM surface of HEK Orai1-His cells was entirely within discrete, clearly defined clusters varying in size up to ∼100-200 nm. In contrast, the same high-resolution STED imaging in cells expressing the YFP-S H -S heterodimer revealed a clean, continuous distribution (Fig. 1D , Bottom). The images provide strong evidence that the SOAR1 dimers are PM localized and unlikely to reflect any vesicularization or internalization of SOAR1. These results are remarkable in revealing that one single point mutation within the SOAR1 dimer gives rise to a profound alteration in its PM distribution. Such cross-linking is supported by recent studies revealing ordered arrays of Orai1 channels and STIM1 proteins visualized at ER-PM junctions by electron microscopy after store depletion (36) . In that study, Orai1 channel center-to-center distances were ∼15 nm. Orai channel hexamers are ∼8 nm across (29) and the SOAR dimer width is ∼6 nm (15) , thus the theoretical distance between centers would be ∼14 nm, and is in good agreement with the EM measurements. A circular cluster with a 200-nm diameter would theoretically have 136 Orai1 channels if they were 15 nm center to center.
Although compelling, the clustering images obtained ( Fig. 1 C  and D) were for the YFP-SOAR1 dimer alone. We sought to obtain direct evidence that SOAR1 was clustering Orai1 channels; however, the Orai1-His molecule obviously could not be imaged directly. Thus, we undertook immunofluorescence staining analysis using both a YFP antibody to detect YFP-SOAR dimers, and a well-characterized Orai1 antibody (Sigma) to detect Orai1-His. Confocal immunofluorescence images of HEK Orai1-His cells expressing YFP-S-S (Fig. 1E ) revealed obvious and almost entirely overlapping clustering of both the SOAR1 dimer and Orai1 channel. Clustering was particularly evident on the lower PM surface of cells. The images in Fig. 1E , Lower Right reveal a second cell that expresses only Orai1-His (not YFP-S-S) and shows no visible clustering. Using HEK Orai1-His cells expressing instead, YFP-S H -S, identical immunofluorescence imaging revealed overlap of Orai1 and SOAR but little observable clustering, especially evident in the middle cell layer in which the cell edge enhances PM fluorescence (Fig. 1F) . To eliminate any possible role of the His tag in Orai1 clustering, we observed the same SOAR-dependent clustering in HEK cells stably expressing HA-tagged Orai1 with YFP-S-S, but not with YFP-S H -S (SI Appendix, Fig. S2 ).
Overall, the results provide unique in vivo evidence that Orai1 channels are cross-linked by the active SOAR1 fragment of the STIM1 protein. We reveal that the unimolecular interaction between the SOAR dimer and Orai1 is key to this cross-linking of Orai1 channels. The F394H point mutation in just one SOAR subunit in the dimer is sufficient to block clustering (SI Appendix, Fig. S1C ). An earlier chromatographic analysis of purified His-tagged Orai1 protein from cells coexpressing the STIM1 CAD fragment (similar to SOAR), revealed CAD-Orai1 complexes within which single-particle electron microscopy revealed CAD-Orai1 clusters (9) . This in vitro visual evidence for clusters provides strong independent support for our in vivo imaging of SOAR-mediated Orai1 clustering.
Mobility of SOAR-Induced Cross-Linked Orai1 Channels. The data above reveal that the Orai1 channel activating moiety within STIM1, the SOAR1 dimer, is able to cross-link Orai1 channels by virtue of its two binding sites. Important to assess was the mobility of the SOAR-Orai1 complex and whether this correlates with the observed clustering. Mobility was assessed by fluorescence recovery after photobleaching (FRAP) analysis. Initially, we determined effects of the single F394H mutation in the SOAR1 dimer which prevents clustering ( Fig. 1 and SI Appendix, Fig. S1C ). We compared FRAP measurements for YFP-S-S and YFP-S H -S expressed in HEK Orai1-His cells. The data reveal a major difference in the diffusional characteristics of YFP fluorescence for the two species ( Fig. 2A and SI Appendix, Fig. S3 A and B). For YFP-S H -S, fluorescence recovery in the bleached area reached almost 80%, and only 20% remained excluded from recovery as the immobile fraction. In contrast, with YFP-S-S, this immobile fraction was almost 60% of the fluorescence before bleaching (Fig. 2B) . This large fraction of immobile species for YFP-S-S correlates well with the large visible clusters observed when expressed with Orai1-His (Fig. 1) . Such clusters would not be expected to easily diffuse. Moreover, the rate of recovery of those fluorescent species that are able to diffuse into the bleached area was also substantially different between YFP-S-S and YFP-S H -S. Thus, the diffusion coefficient (D) for YFP-S H -S was more than double that of YFP-S-S (Fig.  2C ). This indicates that even for the mobile fraction of YFP-S-S, there is a substantial increase in the size of the diffusing species (doubling of D suggests an approximately eightfold increase in size). Our FRAP image measurements were restricted to the PM and reflect movement only of SOAR1 dimer-Orai1 complexes since without Orai1, SOAR1 dimers are exclusively cytosolic (17) . We revealed earlier that SOAR dimers do not undergo any direct interaction to form larger species (17, 18) . In further studies, we compared FRAP for YFP-S-S and YFP-S H -S using HEK Orai-CFP cells in which clustering between Orai1 channels is sterically prevented (SI Appendix, Fig. S1A ). In this case, the immobile fraction for both YFP-S-S and YFP-S H -S were similarly low ( (Fig. 2F ). This provides important evidence that the diffusional characteristics are directly dependent on the ability of Orai1 to undergo clustering by SOAR dimer-induced crosslinking. Indeed, the profound changes in visible clustering, immobility, and diffusion rates as a result of the single F394H point mutation in the SOAR dimer, provide compelling evidence for cross-linking of Orai1 channels by the active site of STIM1.
Function of Orai1 Channels Cross-Linked by SOAR. We extended our comparative analysis of the two SOAR1 dimer species to examine functional activation of Orai1 channels by measuring Ca 2+ release-activated Ca 2+ current (I CRAC ). Our previous work revealed that each SOAR1 monomer within a SOAR1 dimer is capable of independently inducing Orai1 channel activation through a unimolecular coupling mechanism (17) . Now, using HEK Orai1-His cells, which permit cross-linking, we needed to determine whether SOAR1 dimers would induce activation of both of the channels they cross-link. The ability of SOAR1 dimers to cross-link Orai1 channels would be expected to result in a considerably larger current, since each SOAR1 dimer would be capable of interacting with and activating two separate Orai1 channel hexamers. We therefore measured I CRAC in stable HEK Orai1-His cells, comparing the action of YFP-S-S and YFP-S H -S ( Fig. 2 G and H) . In these experiments, we took care to relate the current density to the actual expression of each YFP-SOAR dimer. For this, we ensured that Orai1-His was expressed in excess over YFP-SOAR dimers so that Orai1 current density would be dependent on how many functional SOAR units were present (SI Appendix, Fig. S4 A-I) . The results revealed that I CRAC activated by the YFP-S-S homodimer was substantially greater (2.3-fold) than that measured in response to the YFP-S H -S heterodimer ( Fig. 2 G and H) . The model shown in SI Appendix, Fig. S5 depicts a possible coupling pattern for each SOAR1 dimer construct. With a 2:1 ratio of Orai1:SOAR1 dimer, the YFP-S-S homodimer could maximally activate 70% of the channels present (SI Appendix, Fig. S5A ). In contrast, the YFP-S H -S heterodimer would activate far fewer channels if it randomly associated with Orai1 channels (SI Appendix, Fig. S5B ). Statistically, only 2% of Orai1 channels would have a full complement of six attached SOAR1 dimers, whereas 9% would have five and 24% would have four attached SOAR1 dimers (SI Appendix, Fig. S5C ). Our recent assessment of Orai1 channel concatenated hexamers containing one or more pore-dead monomers (E106A) revealed that less than the full complement of functional hexamers severely reduces channel activity (31). Similar results were described for the inclusion of one or more STIM1 bindingdefective monomers (L273D) in Orai1 channel concatenated hexamers (32) . From these studies, we would estimate that the random association of YFP-S H -S heterodimers with Orai1 channels would lead to only 10-15% of channel activity, as described in SI Appendix, Fig. S5C . Therefore, the observation that the YFP-S H -S heterodimer has 43% of the activity of the YFP-S-S homodimer is intriguing and suggests that the association of SOAR units with Orai1 channels is strongly cooperative, a result that clearly warrants further investigation. A further important control experiment was to compare Orai1-His channel activation when YFP-S-S or YFP-S H -S were expressed in excess over Orai1-His. In this case, we observed that the level of CRAC current induced by YFP-S-S was the same as that induced by YFP-S H -S, again taking care to normalize observed current to the actual expression of each SOAR dimer (SI Appendix, Fig. S6 A-D) . The model in SI Appendix, Fig. S6 E and F shows that under conditions in which each SOAR dimer was expressed in excess over Orai1-His, the channels would be expected to be fully and equally activated. This result is important in revealing that the YFP-S H -S construct does not have any defect in Orai1 channel activation compared with YFP-S-S, other than its inability to cross-link adjacent channels to form clusters.
We also compared current generated by YFP-S-S and YFP-S H -S expressed in HEK Orai1-CFP cells, again under conditions of excess Orai1. In this case, there was again no significant difference in the current generated by YFP-S-S and YFP-S H -S (Fig.  2 I and J) . This result is the same as we published in our previous work (17) . However, at that time we did not know that crosslinking of Orai1 channels by SOAR1 was prevented by the bulky CFP group on Orai1. The unimolecular coupling model (17) predicts that, without the possibility of clustering, it makes no difference whether we express YFP-S-S or YFP-S H -S, since either of them can only bind to a single Orai1 hexamer (SI Appendix, Fig.  S5B ). Thus, the result with HEK Orai1-CFP provides strong supporting evidence for the cross-linking of Orai1 channels.
Overall, the results on mobility and function provide important information that substantiate and extend the conclusions from Fig. 1 that reveal Orai1 clustering mediated by the SOAR dimer. The increased channel function provides further evidence that the SOAR dimer preferentially interacts through unimolecular interactions with two different hexameric Orai1 channels as opposed to a bimolecular interaction with two adjacent Orai1 subunits within a single hexamer, as previously proposed (19) (20) (21) (22) . Our studies continued to examine how cross-linking between channels may be controlled naturally, and what significance it may have in Ca 2+ signal generation.
Function of SOAR from the STIM2 Splice Variant, STIM2.1. The widely expressed STIM2 protein differs from STIM1 in being more sensitive to ER Ca 2+ store depletion (37), undergoing slower activation after depletion (38) , and having a weaker efficacy for Orai1 channel activation (23) . The latter is due to a lysine (L485) in the SOAR sequence of STIM2 replacing the functionally critical phenylalanine (F394) within the STIM1 SOAR sequence (23). Recent reports described an interesting naturally occurring splice variant of STIM2, STIM2.1 (or STIM2β) (27, 28) . This variant is derived from alternative splicing of the highly conserved exon 9 in STIM2, resulting in the insertion of eight amino acids in the SOAR domain of STIM2, close to the critical Orai1-interacting domain (SI Appendix, Fig. S7 A and B) (27, 28) . The STIM2.1 variant was reported to be devoid of Orai1-binding activity and was suggested to function as a negative regulator of SOCE. Certainly, the STIM2.1 splice variant is widely expressed (27, 28) and control of its appearance is believed to play an important role in the maintenance of naïve T cells (27) , as well as regulating muscle and neural cell development through altered Ca 2+ signaling (28) . However, despite its potentially important role in regulating SOCE, the mechanism(s) by which such inhibitory effects are mediated by STIM2.1 is not well characterized.
We considered whether the Orai1 coupling defect of the STIM2.1 variant might represent a physiologically expressed STIM protein variant equivalent in function to the F394H mutation in STIM1 that is defective in Orai1 interaction. In studies to assess this, we initially compared the function of the fulllength STIM proteins, STIM1, STIM1-F394H, and STIM2.1, as well as the SOAR units derived from each isoform. As shown in Fig. 3A using HEK Orai1-CFP cells, STIM1 induced typical I CRAC following passive store depletion and application of Ca 2+ to the external solution. Subsequent addition of 50 μM 2-aminoethoxydiphenyl borate (2-APB) caused a typical biphasic response (39), with transient activation followed by blockade of this current. STIM1-F394H yielded no current, but 2-APB rapidly activated then inhibited I CRAC . STIM2.1 gave no current and 2-APB did not induce any further effect. Using the isolated SOAR units from each STIM protein, FRET measurements revealed a high basal FRET between YFP-SOAR1 and Orai1-CFP (Fig. 3 B and C) . The basal FRET with Orai1-CFP for YFP-SOAR1-F394H and YFP-SOAR2.1 were considerably lower, indicating that both these SOAR units had much lower affinity for Orai1 than YFP-SOAR1. The 2-APB slightly enhanced the high FRET between SOAR1 and Orai1-CFP. However, 2-APB greatly increased the FRET between SOAR1-F394H and Orai1-CFP. In contrast, the low basal FRET between SOAR2.1 and Orai1-CFP was barely altered by 2-APB. We also compared the action of the SOAR units on Ca 2+ entry (Fig. 3D) , now using HEK Orai-His cells in case the prevention of Orai1 clustering might influence the action of SOAR units. Clearly, we observed the same distinct effects of 2-APB which restored the action of SOAR1-F394H on Ca 2+ entry but not that of SOAR2.1. Earlier, we revealed that the reversing effect of 2-APB on the function of SOAR1-F394H was due to a 2-APBinduced physical coupling between SOAR1-F394H and Orai1. As shown in Fig. 3E , SOAR1 was attached to PM Orai1 before 2-APB addition. The 2-APB considerably enhanced the attachment of SOAR1-F394H to Orai1, whereas cytosolic SOAR2.1 remained entirely cytosolic even after 2-APB. These results indicate that although both SOAR1-F394H and SOAR2.1 have a complete Orai1-binding defect, the SOAR2.1-binding defect was perhaps more severe than that of SOAR1-F394H since it could not be reversed by 2-APB.
STIM2.1 Prevents Cross-Linking but Not the Function of Orai1 Channels.
Important to ascertain was whether the dimer formed between STIM1 and STIM2.1 was able to still interact with the Orai1 channel, and more importantly, whether such a heterodimer was able to successfully gate the channel. To answer this, we constructed new heterodimers of SOAR1 and SOAR2.1, as well as the SOAR2.1 homodimer (SI Appendix, Fig. S7C ). Initially, we examined the ability of the SOAR dimers to interact with Orai1 by imaging. Clearly, both YFP-S-S and YFP-S 2.1 -S showed avid association and complete overlap when coexpressed with Orai1-CFP (Fig. 4 A and B) . In contrast, the YFP-S 2.1 -S 2.1 SOAR dimer had no association with Orai1-CFP (Fig. 4C) . We also analyzed FRET between each of the YFP-tagged SOAR dimers and Orai1-CFP and observed that the YFP-S-S and the YFP-S 2.1 -S constructs had almost identical high levels of FRET with Orai1-CFP, whereas the YFP-S 2.1 -S 2.1 dimer had negligible FRET (Fig. 4D) . These imaging and FRET results reveal that the strong interaction of SOAR1 with Orai1 was not compromised by having one SOAR1 monomer replaced by SOAR2.1 and are consistent with the unimolecular coupling model (17) . Important to examine was whether the SOAR2.1 moiety within the SOAR dimer would alter cross-linking of Orai1 channels. For this we again employed the HEK Orai1-His cells. The clustered distribution of the YFP-S-S (Fig. 4E) clearly contrasted with the smooth distribution of YFP-S 2.1 -S cells Representative traces from three independent experiments are shown for H, K, N, and P; summary data are means ± SEM for cell numbers shown. **P < 0.001. [Scale bars, C and G, 10 μm (also apply to A and B and E and F, respectively).] (Fig. 4F) , whereas the YFP-S 2.1 -S 2.1 remained cytosolic (Fig. 4G) . The results indicate that the single SOAR2.1 moiety in the SOAR dimer does prevent cross-linking of Orai channels. To further assess the action of SOAR2.1 on cross-linking, we undertook comparative FRAP analyses on the YFP-SOAR dimers. Expressed in HEK Orai1-His cells, the immobilized fraction of YFP-S 2.1 -S was ∼20%, whereas that for YFP-S-S was 60% (Fig. 4 H and I) . Moreover, the diffusion coefficient (D) for the YFP-S-S reappearing in the bleached area was less than half that for YFP-S 2.1 -S (Fig. 4J) . In contrast, expressed instead in the HEK Orai1-CFP cells in which clustering is sterically prevented, the same two SOAR dimers had a similar small immobile fraction (∼20%) (Fig. 4 K and  L) , and diffused into the bleached area at a similar fast rate (Fig.  4M) . In summary, the imaging, FRET, and FRAP results provide a consistent picture in which SOAR dimers can mediate clustering between Orai channels. This clustering is prevented either by a single non Orai1-binding monomer in the SOAR dimer or by the presence of a bulky CFP moiety on Orai1 monomers. Thus, the SOAR unit within the STIM2.1 splice variant is highly equivalent to the SOAR-F394H mutant described above.
An important question arising is whether the YFP-S 2.1 -S heterodimeric SOAR unit is functional in activating the Orai1 channel. Rana et al. (28) recently suggested that the eight additional amino acid segment in STIM2.1 might actively alter the Orai1 channel through a sequence-specific allosteric interaction with Orai1. They showed that STIM2.1 delayed STIM1-induced activation of Orai1. They also predicted that STIM2.1 would have a dominant effect and that a heterodimer between STIM1 and STIM2.1 would be inactive. However, although they constructed a heterodimer of CAD1 and CAD2.1, no functional data were presented on this heterodimer. We therefore compared Orai1 channel activation by the YFP-S-S homodimer and the YFP-S 2.1 -S heterodimer of SOAR, carefully normalizing current to the expression of each SOAR dimer. Expressed in HEK Orai1-CFP cells we observed almost identical CRAC current with the two dimers (Fig. 4N) . Thus, the YFP-S 2.1 -S heterodimer clearly does function to couple with and activate Orai1 channels, providing proof that the SOAR2.1 moiety does not actively block function of the wild-type SOAR1 within the same dimer. Since the HEK Orai1-CFP cells do not permit clustering, we extended our study to examine the action of both dimers within HEK Orai1-His cells in which cross-linking can occur. We observed a substantial (threefold) increase in the CRAC current with the YFP-S-S homodimer compared with that mediated by the YFP-S 2.1 -S heterodimer (Fig. 4 P and Q) . We conclude from these results that, while the YFP-S 2.1 -S heterodimer is functional in activating the Orai1 channel, it is defective in cross-linking the channel and hence is analogous in function to the YFP-S H -S heterodimer. Thus, the model described above and shown in SI Appendix, Fig. S5 for the YFP-S H -S again applies. Without the ability of channels to be cross-linked, the YFP-S 2.1 -S heterodimer results in substantially less (35%) channel activation. However, this number is again significantly above the theoretical value calculated for random interactions of heterodimers and suggests that the interaction of the YFP-S 2.1 -S heterodimer is undergoing a similar positive cooperativity in binding to Orai1.
These results provide a strong functional correlate to the imaging, FRET and FRAP evidence that cross-linking of Orai1 channels is prevented by the SOAR2.1 monomer within the SOAR heterodimer. Importantly, the Orai1 channel activation data in Fig. 4N reveal that the added eight-amino acid segment in the SOAR2.1 unit within the heterodimer with SOAR1, does not prevent the heterodimer from assembling into a functional dimer, a result that contradicts the earlier prediction that such a heterodimer would not activate Orai1 channels (28) . Although the structural model (SI Appendix, Fig. S7B ) depicts a simple unstructured "blebbed" eight-residue insert similar to that suggested earlier (28), more likely the insert is helical and extends the SOAR α1 helix by two turns (27) . Potentially, such an extended helical structure could have inflicted a more substantial alteration in the SOAR structure that might be expected to alter the entire SOAR dimeric structure and prevent any gating interaction with the Orai1 channel. Indeed, the inability of 2-APB to restore function to STIM2.1 or SOAR2.1 (Fig. 3) suggested that the defect in SOAR2.1 was more substantial than that in SOAR1-F394H. Surprisingly, however, our results reveal that the SOAR2.1 insert is functionally equivalent to the SOAR-F394H point mutation, and simply prevents only one half of the heterodimer from interacting with Orai1, presumably without altering the intermolecular interactions at the interface between SOAR monomers.
STIM2.1 Modulates Ca
2+ Oscillations Through Impaired Orai1 Channel
Cross-Linking. Our results reveal a remarkable ability of the SOAR active site in STIM1 to mediate cross-linking between Orai1 channels. The SOAR unit from the widely expressed STIM2.1 variant impedes this clustering, although, surprisingly, it does not block the action of STIM1 as a heterodimer. Important to assess was how these actions might modulate the generation of physiological Ca 2+ signals. We therefore examined how full-length STIM2.1 coexpressed with STIM1 would alter receptor-induced Ca 2+ signals. To eliminate interference from endogenous STIM proteins, we utilized HEK cells in which endogenous STIM1 and STIM2 expression was eliminated using CRISPR/Cas9 gene editing (SI Appendix, Fig. S8 ). We measured receptor-induced Ca 2+ signals in the CRISPR-derived HEK S1S2-dKO cells expressing either STIM1 alone or the same level of STIM1 coexpressed together with STIM2.1 (SI Appendix, Fig.  S9 A-D) . To mimic the probable molar ratio of STIM1 and STIM2.1 (discussed below), we analyzed cells expressing a ratio of STIM1:STIM2.1 of 5:1 (SI Appendix, Fig. S9 E-I) . Initially we examined the effects of STIM1 and STIM2.1 coexpression on the sustained oscillatory responses to a physiological dose of phospholipase C (PLC)-coupled agonist. In cells expressing STIM1 alone, baseline oscillations in response to 3 μM carbachol (CCh) continued with a relatively stable frequency for 15 min (Fig. 5A) . With the coexpression of STIM2.1, baseline oscillations were still observed, but decreased substantially in frequency with time (Fig. 5B) . The data from many cells revealed that after 15 min, the presence of STIM2.1 with STIM1 had reduced the frequency of oscillations to one-third of those seen with STIM1 alone (Fig.  5C ). We also examined the action of STIM1 and STIM2.1 expression on the dose dependence of oscillatory Ca 2+ signals induced by carbachol. In cells expressing STIM1 alone, the response to increases in carbachol reveals an augmentation of Ca 2+ oscillation frequency in the physiological (1-10 μM) range (Fig. 5D) . At higher carbachol levels, oscillations are superseded by a continuous plateau of Ca 2+ , likely caused by Ca 2+ overload due to a combination of sustained Ca 2+ release from stores and higher store-operated Ca 2+ entry. At these higher stimulus levels, the number of cells showing oscillations is greatly decreased (Fig. 5F ) and the frequency of Ca 2+ oscillations that can be observed is substantially reduced (Fig. 5G) . In contrast, coexpression of STIM2.1 and STIM1 results in an interesting protection against the refractoriness of Ca 2+ responses seen with high agonist levels in cells expressing STIM1 alone (Fig. 5E ). With both STIM proteins expressed, most of the cells retained clearly observable, sustained oscillations ( Fig. 5F ) with albeit slightly reduced frequency (Fig. 5D) . In this case, it appears that the STIM2.1 coexpression has limited the excessive Ca 2+ entry resulting from robust store depletion. We tested this explanation by examining responses to 100 μM CCh in either normal 1 mM extracellular Ca 2+ or in 0.1 mM extracellular Ca 2+ to reduce Ca 2+ entry (SI Appendix, Fig. S10 ). Clearly, the decreased extracellular Ca 2+ caused the plateau Ca 2+ response to be converted to an oscillatory response in most cells. Thus, we conclude that the STIM2.1-mediated inhibition of Orai1 channel crosslinking has a protective effect and appears to avert Ca 2+ entry overload. Overall, these results reveal that the coexpression of even a small fraction of STIM2.1 together with STIM1 results in a considerable alteration in Ca 2+ signal generation, likely through limiting the degree of Ca 2+ entry.
Concluding Remarks. The compact, highly conserved SOAR units from STIM proteins, self-assemble into dimers that undergo coupling and activation of Orai1 channels, closely recapitulating the function of full-length STIM proteins (8-10, 17, 23) . Our recent evidence (7, 17, 40) militates strongly against an earlier bimolecular coupling model for the STIM-Orai interaction (19) (20) (21) (22) . Instead, we reveal that while SOAR must be presented to Orai1 as a dimer, the SOAR monomer units within the SOAR dimer interact independently in a unimolecular mode with single Orai1 subunits (17) . The ability to build concatenated SOAR dimers allowed us to examine specific heterodimers that cannot be constructed with full-length STIM proteins. Using these, we were able to identify cross-linking of Orai1 channels through high-resolution imaging, diffusional measurements, and assessment of functional stoichiometry. The STIM-mediated cross-linking of Orai1 channels represents a unique functional paradigm for store-operated Ca Fig. S9 A-D) . In cells transfected with both mCherry-STIM1 and YFP-STIM2.1, the ratio of STIM1 to STIM2.1 was 5:1, as determined in SI Appendix, Fig. S9 . Representative traces are from four independent experiments. Summary data shown are means ± SEM; *P < 0.01; **P < 0.001.
signaling. Our studies indicate that Orai1 channel cross-linking within ER-PM junctions has important consequences in Ca 2+ signal generation. Until now, it has been assumed that the localization of STIM1 within ER-PM junctions results in passive "herding" of Orai1 channels within these junctions. Indeed, the theory that STIM1 undergoes a bimolecular interaction with two adjacent Orai1 subunits in a single Orai1 hexameric channel (19) (20) (21) (22) , precluded consideration of STIM-induced Orai1 channel cross-linking. Moreover, we reveal that bulky fluorescent tags on Orai1 sterically block Orai1 cross-linking, explaining why crosslinking was not previously recognized. The cross-linking we observe with SOAR dimers also explains the regularly spaced arrays of Orai1 and full-length STIM1 observed in ER-PM junctions of store-depleted cells by EM freeze fracture (36) . Hence, the same unimolecular coupling and cross-linking of Orai1 channels mediated by SOAR dimers likely occurs during the coupling of full-length STIM1 with Orai1 channels within ER-PM junctions.
A model for the physiological role of STIM-Orai cross-linking in Ca 2+ signal generation within the ER-PM junctional microenvironment, is shown in Fig. 6 . The cross-linking likely increases the efficacy of channel activation, since each STIM protein activates twice the number of channels. Moreover, our results suggest strong cooperativity in the unimolecular interaction between SOAR1 and Orai1 which would further increase the efficiency of activation. Thus, cooperative cross-linking could substantially enhance the rate of channel activation by STIM1, and may also be important in assisting channel deactivation and dissociation from Orai1 following STIM1 refolding after store replenishment. Our results indicate that the enhanced efficacy of SOCE due to channel cross-linking is important in replenishing ER Ca
2+
, necessary for sustaining agonist-induced Ca 2+ oscillations mediated by ER Ca 2+ release (Fig. 6A) . Enhanced Ca 2+ entry would also be important in mediating downstream SOCE "signature" responses (12, 41) , including the activation of calcineurin and subsequent transcriptional control through nuclear factor of activated T cells (NFAT) (12, (41) (42) (43) (44) (45) . The actions of the widely expressed STIM2.1 splice variant described here underscore the significance of the cross-linked STIM1-Orai1 microenvironment in ER-PM junctions. While the SOAR2.1 homodimer cannot bind to Orai1, the SOAR1-SOAR2.1 heterodimer does bind, consistent with the unimolecular coupling model (17) . This fits with recent colocalization and FRET studies, revealing that coexpressed full-length STIM1 and STIM2.1 do form heterodimers (28) . Although STIM2.1 homodimers have no intrinsic ability to couple with or activate Orai1 (27, 28) , under conditions of store emptying, colocalization studies revealed that STIM1-STIM2.1 heterodimers move into junctions and associate with Orai1 channels (28) . However, in this study it was thought that such STIM1-STIM2.1 heterodimer complexes with Orai1, were inactive. In contrast, we show here that the SOAR1-SOAR2.1 heterodimer can cause full activation of Orai1 in HEK Orai1-CFP cells. This means that STIM2.1 does not simply displace or dominate the action of STIM1 by combining with it, as earlier suggested (28) . Instead, STIM2.1 functions solely to prevent Orai1 channel cross-linking. In this way it is able to attenuate the increased efficiency conferred on Orai1 channel activation by STIM1-mediated crosslinking, as depicted in the model in Fig. 6B . The consequence of this STIM2.1-mediated limitation of cross-linking, is decreased SOCE, resulting in lowered store refilling, and the modulation of oscillatory Ca 2+ signals. In addition, the decreased SOCE would result in lowered SOCE signature responses (SSRs), including the activation of calcineurin and NFAT (3).
In summary, our studies reveal the SOAR domains in STIM protein dimers containing two independent Orai1 binding sites, can cross-link Orai1 channels, resulting in clusters of considerable size, easily detected by imaging. The single point mutation (F394H) or the eight-amino acid insert in SOAR2.1, in each case result in complete prevention of the observed cross-linking and clustering of Orai1 channels. Through its actions to prevent STIM1-mediated Orai1 channel cross-linking, STIM2.1 likely acts as a powerful regulator of SOCE. The observed inability to sustain Ca 2+ oscillations and the protection of cells from Ca 2+ overload are reflections of this role. Importantly, it should be recalled that STIM2 (and hence STIM2.1) has enhanced sensitivity to store emptying due to its altered EF hand-mediated Ca 2+ sensing domain (46, 47) . This means that at physiological PLC-coupled receptor agonist levels with minimal or modest store emptying, both STIM2 and STIM2.1 are preferentially activated and translocate into junctions. Indeed, by forming heterodimers, STIM2 is shown to promote recruitment of STIM1 into ER-PM junctions under low-agonist conditions with mild store depletion (48) . STIM2 is ubiquitously expressed among cell types and is reported to exceed STIM1 in certain tissues, including brain, liver, heart, and dendritic cells (1, 3, 49) . Relative to STIM2, the expression of STIM2.1 varies from 10% to 50%, depending on cell type (27 of Orai1 channels as a hitherto unrecognized functional paradigm that likely provides an organizational microenvironment within ER-PM junctions that has an important functional impact on Ca 2+ signal generation.
Materials and Methods
Details of DNA constructs, generation of CRISPR/Cas9-derived knockout cell lines, cell culture, transfection conditions, Ca 2+ measurements, FRET analysis, superresolution imaging, FRAP measurements, electrophysiology, Western analysis, structural modeling, and statistics are provided SI Appendix, SI Materials and Methods.
